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We have studied the 14,15 C(d,3 He)13,14 B proton-removing reactions in inverse kinematics. The
(d,3 He) reaction probes the proton occupation of the target ground state, and also provides spectroscopic information about the final states in 13,14 B. The experiments were performed using 14,15 C
beams from the ATLAS accelerator at Argonne National Laboratory. The reaction products were
analyzed with the HELIOS device. Angular distributions were obtained for transitions from both
reactions. The 14 C-beam data reveal transitions to excited states in 13 B that suggest configurations
with protons outside the π(0p3/2 ) orbital, and some possibility of proton cross-shell 0p − 1s0d excitations, in the 14 C ground state. The 15 C-beam data confirm the existence of a broad 2− excited
state in 14 B. The experimental data are compared to the results of shell-model calculations.
PACS numbers: 21.10.Jx, 25.60.Je
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I.

INTRODUCTION

The questions of the filling of states in light nuclei, and
in particular whether 6 nucleons in 12 C complete the p3/2
subshell, have existed since the early days of the shell
model and the discussion of Intermediate Coupling [1].
Spectroscopic factors from studies of neutron-removal reactions, for example (p, d) [2], (3 He,α) [3] and (d, t)[4, 5]
suggest that the occupation of the p1/2 neutron sub-shell
is at least 20% as much as the p3/2 . The data for proton
removal with the (d,3 He) reaction are consistent with this
observation for 12 C [6]. Away from A=12, however, the
proton p1/2 occupancy seems to change significantly, to
approximately 3% of the ground-state value for 14 C [6].
In the mirror nucleus 14 O, the corresponding neutron
p3/2 occupancy measured with the 14 O(d, t)13 O reaction
agreed with with theoretical expectations [7] when a renormalization consistent with that obtained from other
analyses (see [8, 9]) was applied, although no direct measurement of the neutron p1/2 occupancy was reported.
This change to a more nearly closed p3/2 subshell for
A=14 was already suggested from early calculations of
spectroscopic factors for transfer reactions in the 0p-shell
[10].
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The 14 C measurements reported in [6] suffered, however, from a 60% 12 C impurity in the 14 C target; reactions on the 12 C made identification of weak transitions
to excited states in 13 B difficult or impossible. In that
work no evidence of proton cross-shell configurations was
found in the ground states of any of the carbon isotopes
studied. This result was perhaps not surprising due to
the large expected 0p3/2 − sd energy gap for protons. It
has been known for some time [11] that in light nuclei the
neutron shell gaps change dramatically with Z including
a re-ordering of the 1s1/2 and 0d5/2 orbitals between 17 O
and 15 C. The experimental results on this behavior were
recently summarized [12].
The detailed level structure of 13 B is not particularly
well known, although recent studies of 13 B with unstable beams have provided additional information about
the spins and parities of some excited states. The
12
B(d, p)13 B reaction [13] was used to determine the spins
of the two lowest positive-parity neutron excitations first
observed in the 11 B(t, p)13 B reaction at 3.48 and 3.68
MeV. A recent lifetime measurement has suggested that
the lowest negative-parity excited state at 3.53 MeV had
J π =3/2− and possessed neutron 2p − 2h character [14].
Finally, a J π = 1/2+ proton-”intruder” state was reported in 13 B from the 14 Be(α, t)13 B reaction [15] at 4.83
MeV excitation energy. Population of this state in the
14
C(d,3 He)13 B reaction may suggest some admixtures of
proton-(sd)2 configurations in the 14 C ground state.
One goal of the present work is to search for transitions
in the 14 C(d,3 He)13 B reaction that could not be observed
in the experiment described in Ref. [6]. We performed
this measurement in inverse kinematics so no interfering
transitions from impurities exist.
Considerably less is known about 14 B. 14 B is the lightest particle-bound N = 9 isotone. The low-lying lev-
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els are (1s1/2 0d5/2 ) valence-neutron states; coupling to a
proton-0p3/2 hole produces two 2− , two 1− , one 3− and
one 4− state, and the pairs of 2− and 1− states are configuration mixed. Previous studies of the 13 B(d, p)14 B
reaction determined the `=0 and 2 neutron strengths for
−
−
−
the ground 2−
1 , and excited 11 , 31 and 41 states [16].
−
−
The 21 and 11 levels were predominantly ` = 0. The
−
expected 2−
2 /12 pair, dominated by ν(0d5/2 ) configurations, was not observed in the (d, p) measurements, although a broad (Γ ≈ 1 MeV) 2−
2 state does appear in the
literature near 2 MeV from various reactions [17]. That
broad state would have been obscured by much stronger
−
transitions to the 3−
1 and 41 levels in (d, p). No information exists about a possible second 1− state. While the
−
2−
2 and 12 levels were not observed in the (d, p) measurement, their 1s1/2 and 0d5/2 neutron spectroscopic factors
could still be estimated in a two-state mixing model.
Other aims of this work are to confirm the reported
2−
2 state, and to compare the proton-removal strength for
different 14 B excitations to expectations based on the earlier (d, p) measurements. Due to the 1s1/2 single-particle
character of the 15 C ground state, the strongest transitions in 15 C(d,3 He)14 B will be to final states with large
−
1s1/2 neutron strength. The 3−
1 and 41 levels that ob−
scured the excited 2 state in the (d, p) study are neutron
` = 2 excitations that should be absent in (d,3 He). Because the present 15 C beam intensity is low, weaker transitions to states with proton configurations other than
π(0p3/2 )−1 will be difficult to observe.
In this paper we first present experimental details, followed by a description of the data reduction process including Monte-Carlo simulations of the response of the
apparatus. We then give a Distorted Wave Born Approximation (DWBA) reaction-model analysis of the angular
distributions to extract spectroscopic factors. Finally, we
discuss our results in the context of shell-model calculations.

II.

EXPERIMENT

The 14,15 C(d,3 He)13,14 B reactions were studied in inverse kinematics at the ATLAS facility at Argonne National Laboratory. The reaction products were analyzed
using the HELIcal Orbit Spectrometer (HELIOS) [18,
19]. HELIOS is a solenoidal spectrometer designed to
study transfer and other reactions in inverse kinematics.

A.

Secondary-beam production

The 14 C (T1/2 =5,730±40 year) beam was produced
from enriched 14 C material in a Cs sputter source. The
14
C energy was 17.1 AMeV, and for the 14 C(d,3 He)13 B
experiment the beam intensity was approximately 0.1
pnA. The 15 C beam was made using the in-flight method
described in Refs. [20, 21]. To produce the secondary

beam, the 14 C primary-beam intensity was increased to
100 pnA. This beam bombarded a cryogenic D2 gas cell
held at a pressure of 1400 mbar and at a temperature
of -184◦ C. The 15 C beam was made from d(14 C,15 C)p
(Q=-1.007 MeV) reactions in the cell. The resulting 15 C
beam of approximately 5×105 particles/second had an
energy of 15.7 AMeV. The high bombarding energies,
which were the greatest available from the accelerator at
the time, were chosen due to the very negative Q-values
of -15.337 and -15.586 MeV of the 14 C(d,3 He)13 B and
15
C(d,3 He)14 B reactions. The secondary-beam contained
small impurities from lower charge states of the primary
14
C ions (≈ 3%), and from isotopes of Be (≈ 1%). Events
from these impurity beams were eliminated by requiring
coincidences between 3 He ions and identified 13,14 B reaction products as described below.

B.

Experimental setup

The experimental setup was identical to that described
in [22]. A schematic diagram of the experimental setup
appears in Fig. 1. HELIOS consists of a superconducting solenoid with a bore diameter of 920 mm and length
of 2350 mm that produces an approximately uniform
magnetic field aligned with the beam direction. For
this measurement, the field strength was 2.5 T. The
14,15
C beams bombarded solid deuterated-polyethylene
[(CD2 )n ] foil targets of areal density 140 µg/cm2 placed
on the magnetic axis near the entrance of the solenoid,
550 mm upstream of the geometric center of the magnet
(ztgt = −550 mm). The 3 He particles emerged in the
forward hemisphere with laboratory angles less than 35o .
These particles were transported in helical trajectories to
an array of 24 position-sensitive silicon detectors (PSDs)
that surrounded the beam in the down-stream end of the
magnet. The PSD array subtended distances between
940 and 1230 mm from the target. These detectors registered the energies of the 3 He ions, the distances from the
target at which they returned to the solenoid axis, and
the particle flight times. The 3 He time of flight was approximately equal to the cyclotron period TCY C =39.3 ns.
Deviations of the flight time from TCY C arose for very
small-angle trajectories that intercepted the PSD array a
significant distance from where they would return to the
solenoid axis. Other distortions in the helical orbits arose
from particles travelling through non-uniform regions of
the magnetic field, however the geometry for this measurement confined the 3 He ions to volumes where the field
differed from the maximum value by at most 5%.
Additional information about the reaction was provided by a set of silicon-detector ∆E − E telescopes positioned between the target and the PSD array. These
detectors were perpendicular to the beam direction, and
detected and identified the 14,13,12,11 B reaction products.
The telescopes covered the full 2π azimuthal angle except for four 8o -wide gaps from their mounting structure, and subtended laboratory polar angles between
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FIG. 1. (Color online) Schematic diagram of the experimental setup.

Subsets of events where only a heavy recoil was detected
in the ∆E − E telescope or a beam particle triggered
the 0o monitor detector were also recorded. Calibration
information for the PSD array was provided by a mixed
148
Gd-244 Cm source, as well as by data for known transitions from the 14 C(d,3,4 He)13,12 B reactions.
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1o and 5o . The thicknesses of the ∆E and E layers
were 500µm and 1000µm, respectively. A representative
particle-identification spectrum from these detectors for
14
C+CD2 collisions appears in Fig. 2. Here, the events
include a light particle detected in the HELIOS PSD array. The resolution was sufficient to identify all of the
boron isotopes of interest and the different reaction channels. Due to this good resolution, the time-of-flight information for the light-charged particles in the PSD array
was not used in the analysis. In Fig. 2, 12 B ions from
both the (d, α) reaction (labeled 12 Ba ) and from neutronunbound states in 13 B from the (d,3 He) reaction (labeled
12 b
B ) are present. The strong 11 B group arises from
neutron-unbound states in 12 B from the 14 C(d, α)12 B reaction. Results for the 14,15 C(d, α)12,13 B reactions have
been presented elsewhere [22].
The incident beam flux was monitored by using a silicon surface-barrier (SSB) detector mounted on the recoildetector assembly at 0o . A tantalum sheet 0.5 mm thick,
with regularly spaced 80 µm diameter holes at intervals
of 2.5 mm, was used in front of the SSB telescope to attenuate the beam flux by a factor of approximately 1000
to keep the monitor count rate at a manageable level.
For the stable-beam experiments, the beam spot was less
than 2 mm in diameter, a size comparable to the hole
spacing. The count rate in that detector was thus extremely sensitive to the beam-spot size and position and
the deduced value of the integrated beam flux was not
usable for normalization purposes. The secondary-beam
spot was larger, approximately 5 mm in diameter, and so
for the secondary beam the ion-flux measurements were
reliable at the 30% to 50% level. A procedure for determining the absolute yields for the 14 C measurements is
described below.
Information for any event with a particle detected in
the HELIOS PSD array was recorded for all detectors.
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FIG. 2. (Color online) Silicon-detector telescope particleidentification spectrum obtained with the 14 C beam incident
on the (CD2 )n target. The heavy particles are in coincidence
with a particle in the HELIOS PSD array. The groups labeled
13
B and 12 Bb are from particle-bound and unbound states in
13
B; the groups labeled 12 Ba and 11 B are from particle-bound
and unbound states in 12 B from the (d, α) reaction.
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III.

DATA REDUCTION AND ANALYSIS
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A.

Excitation-energy spectra

Excitation-energy spectra for the 14,15 C(d,3 He)13,14 B
reactions, obtained from projections of the data shown
in Figs. 3 and 5 appear in Figs. 6 and 7. For Fig. 6,
the data are taken only from detectors where the MonteCarlo simulations indicate that all trajectories are parallel. Only data for positions where the transitions can
be resolved in excitation energy are used in the subsequent analysis. Panels (a) and (b) in Figs. 6 and 7
represent data obtained for (a) particle-bound, and (b)
particle-unbound states. The neutron-separation energies are Sn =4.878 MeV and 0.969 MeV for 13 B and 14 B,
respectively. The excitation-energy resolution for the 14 C
spectrum is approximately 180 keV FWHM, dominated
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In HELIOS, for a given excitation energy the laboratory kinetic energy of the detected particle depends linearly on the distance between the target and the point at
which the particle is detected near the solenoid axis (“z”).
The kinematic loci for different excited states appear as
diagonal lines in the E(3 He) vs. z plane. Figure 3 shows
spectra of energy-versus-position for the 14 C(d,3 He)13 B
reaction for events where the 3 He was in coincidence with
an identified 13 B(a) or 12 B(b) ion. The vertical gaps correspond to spaces between the PSDs.
For comparison, Fig. 4 shows a Monte-Carlo simulation
of the response of the apparatus for several transitions in
the 14 C(d,3 He)13 B reaction. Equal numbers of events for
each transition were used in the simulations. Panels (a)
and (b) have the same significance as in Fig. 3. The simulation includes the detector geometry and energy-loss
effects in the target, and tracks both the 3 He and recoil
particles through a magnetic field described in Ref. [19].
The excitation energies used in the calculation are from
the analysis outlined below. The line for the ground
state is straight. For the excited states, however, the
3
He particles have shallower orbits and intercept the silicon array at shorter distances from the target than in
the ideal situation, causing the loci for different states to
merge between z ≈ 1050 mm and 1180 mm, depending
on the excitation energy. The cutoff of the lines for the
excited states near z=1050 mm arises from the recoilcoincidence acceptance where the corresponding boron
ions go through the central hole in the ∆E − E telescope
and are not detected.
Figure 5 shows similar results from the 15 C(d,3 He)14 B
reaction. Events for the 15 C-induced reactions are shown
using different symbols depending on whether the coincident recoil ion was 14 B (black circles, residual nucleus
bound), or 13 B (red squares, residual nucleus unbound).
The experimental geometry was optimized for the 15 Cbeam measurement. For that reaction the 3 He particles
cover the entire PSD array without deviations of the kinematic loci from linear behavior.

15

10

5

950

Z (mm)

FIG. 3. (Color online) Energy-versus-position spectra for
3
He particles from the 14 C(d,3 He)13 B reaction. (a) Data for
3
He+13 B coincidence events. (b) Data for 3 He+12 B coincidence events. Further analysis on the unbound states includes
only data taken for z >1180 mm.

by detector resolution, kinematic shift, and energy loss
in the target. For the 15 C data, the estimated excitationenergy resolution includes an additional 140 keV contribution from the spread in the energy of the secondary
beam caused by energy loss and straggling in the production cell, resulting in a value of 240 keV FWHM when
the contributions are added in quadrature.

1.

14

C→13 B

In Fig. 6(a) the filled and open histograms represent
the same data; the open histogram has been multiplied
by a factor of 8 to illustrate the weaker transitions. For
comparison, Table I lists states reported in the literature for 13 B and 14 B. The strongest transition in the
14
C(d,3 He)13 B reaction is to the 13 B ground state. The
next strongest transition at EX = 3.8 MeV likely corresponds to the presumed 1/2− state at 3.71 MeV reported
in Ref. [6]. The suggested neutron-intruder (3/2− ) (3.53
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FIG. 5. (Color online) Energy-versus-position spectra for 3 He
particles from the 15 C(d,3 He)14 B reaction. The black circles
and red squares correspond to 3 He+14 B and 3 He+13 B coincidence events, respectively.
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FIG. 4.
(Color online) Monte-Carlo simulations of
energy-versus-position spectra for 3 He particles from the
14
C(d,3 He)13 B reaction. (a) Simulated data for 3 He+13 B coincidence events. (b) Simulated data for 3 He+12 B coincidence
events. The excitation energies used in the calculations are
indicated on the figure.
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MeV) state would have a ν(1s1/2 ) configuration, and
the positive-parity states at 3.48 and 3.68 MeV are dominantly ν(1s0d)-neutron excitations; none of these should
be strongly populated in this reaction.
We cannot rule out some contribution to the 3.8 MeV
peak from the state reported at EX =4.13 MeV which has
no assigned spin or parity, and would not be well-resolved
from the 1/2− in our measurement. A small peak also
appears near EX =4.8 MeV, which must be below the
neutron-separation energy of 4.878 MeV as it appears in
coincidence with identified 13 B ions. This state likely
corresponds to the possible 1/2+ state reported at 4.83
MeV. We observe two peaks in the spectrum of neutronunbound states, one very weak transition at EX ≈5.3
MeV and another slightly stronger one at EX ≈6.3 MeV.
For comparison, states are reported in the literature at
5.02, 5.11, 5.39 MeV, 6.17 and 6.43 MeV, none of which
has a spin-parity assignment. The excitation-energy resolution of the present measurement does not permit a firm
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FIG. 6. (Color online)13 B excitation-energy spectra from the
C(d,3 He)13 B reaction. (a) Events in coincidence with identified 13 B ions with the open histogram displaying the same
data multiplied by a factor of 8 to enhance weak transitions.
(b) Events in coincidence with identified 12 B ions.
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identification of the peaks observed here with previously
known levels. We also observe strength at higher excitation energies that could represent transitions to even
higher excited states, however given the limited acceptance and poor statistics it is not possible to make any
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TABLE I. Excitation energies, spins and parities of states
in 13 B and 14 B from the present measurement and from the
literature (from [23] unless otherwise noted).
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FIG. 7. 14 B excitation-energy spectra from the 15 C(d,3 He)14 B
reaction. (a),(b) Particle-bound (unbound) states obtained in
coincidence with identified 14 B (13 B) ions.

further statements about this yield.
To provide more information about the observed
peaks, the boron excitation energies deduced from the
3
He energy and position can be correlated with the
boron-recoil energies. Figure 8 shows this correlation for
data obtained with the 14 C beam, and from the MonteCarlo simulations described above. The bound states
labeled (0), (1) and (2) correspond to excitation energies
of 0.0, 3.8 and 4.8 MeV, respectively. For these excitations the recoil energies are near Erecoil =200 MeV with a
narrow spread in Erecoil . For unbound states at EX =5.3
(3) and 6.3 (4) MeV, the recoil energies are smaller and
the distributions in Erecoil are wider due to the kinetic
energy lost to neutron emission. Although the peaks at
4.8 MeV (2) and 5.3 MeV(3) are not fully resolved in
excitation energy, the correlation with the recoil energy
permits their separation and shows that they are distinct
transitions.

2.

15

C→14 B

For 14 B, in Table I we accept the spin-parity assignments as given in the literature. The ground 2−
1 and
first-excited 1−
1 (0.654 MeV) [24] are not fully resolved
in the present measurement. As discussed in the introduction, these two levels are predominantly ` = 0 1s1/2
states, and both should be strongly populated in this reaction. Beyond the neutron-decay threshold, the statis-
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2.320
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[13]
[14]
[6]
[15]
[24]

tics are limited. The most prominent feature is a broad
(Γ ≈ 1 MeV) peak at EX = 1.8 ± 0.3 MeV which presumably corresponds to the 1.86 MeV 2−
2 state reported
in the 14 C(7 Li,7 Be)14 B reaction [17]. While this state
was not observed in the (d, p) reaction the estimated relative neutron-stripping spectroscopic factors suggested
that the 1s1/2 strength in the 2−
2 state was roughly 20%
of that of the ground state [16]. Shell-model calculations
for neutron stripping suggested a slightly higher value,
nearer to 30%. Assuming that the 15 C ground-state
neutron wave function is pure 1s1/2 , a rough estimate
suggests that the 2−
2 state should appear with approximately 20%-30% of the intensity of the ground state.
With even less 1s1/2 strength, the expected 1−
2 state will
be more weakly populated. Shell-model calculations described below also suggest that this level exists between
3 and 4 MeV excitation energy, making it broader and
even more difficult to identify in the present data than
the 2−
2 excitation.
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FIG. 8. (Color online) Correlation between boron recoil energy and reconstructed 13 B excitation energy. (a) Data (b)
Monte Carlo simulation. The polygons illustrate the regions
corresponding to bound and unbound states in 13 B and are
not used as event-selection criteria in the analysis. The labels
(0)-(4) correspond to excitations in 13 B listed in Table I.
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FIG. 9. (Color online) Angular-distribution data for the
14
C(d,3 He)13 B(3/2− ) ground-state transition from Ref. [6].
The curve represents a DWBA calculation described in the
text.
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RESULTS AND INTERPRETATION
A.

Angular distributions

Angular distributions were produced from the measured yields, taking into account the solid angles of the
PSDs, which for a given excitation energy are approximately equal for each detector. The recoil-coincidence
detection efficiency was determined from the MonteCarlo simulations described above. This efficiency depends on scattering angle and excitation energy, and
whether the final state is neutron bound or unbound.
Typical values range between 0.60 and 0.90. Small corrections to the calculated center-of-mass angles depending on position and excitation energy, typically ranging
from 1 to 2 degrees, were also obtained from Monte-Carlo
simluations.
The absolute normalizations for the 14 C and 15 C data
were determined in different ways. As discussed above,
for the 14 C-beam data the measurement of the absolute
beam intensity was unreliable. The absolute cross-section
scale for the present 14 C data was determined by combining the measured ground-state angular distribution from

Ref. [6] with an estimate of the dependence of the cross
section on bombarding energy from DWBA calculations.
The calculations were done using the finite-range code
PTOLEMY [25] with optical-model parameters for the
entrance and exit channels obtained from global analyses with energy-dependent well depths [26, 27]. The
form-factor for the d−3 He vertex was obtained from the
results of Green’s-Function Monte Carlo calculations in
the manner described in Ref. [28]. Figure 9 shows the
(d,3 He) data of Ref. [6] for the ground-state transition,
which were obtained at a deuteron energy of 52 MeV.
The curve in Fig. 9 represents our DWBA results. The
normalization between those data and the calculation
was made at the most forward angular-distribution point.
The estimated cross-section scale for the present 14 C data
was then established by fitting our data for the groundstate transition to the DWBA calculation performed at
the present bombarding energy (34.2 MeV equivalent
deuteron energy). At the lower energy the ground-state
data do not reach the most forward angular-distribution
maximum and we fit them to the curve over the entire
angular range using a least-squares minimization procedure. This comparison established the cross-section scale
for all other transitions in the 14 C(d,3 He)13 B reaction.
The resulting angular distributions for the present
measurement appear in Figs. 10 and 11 for transitions
to the particle-bound, and unbound states, respectively.
For states above the neutron-separation threshold, the
final states were treated as bound in the calculations.
The error bars in all present data are statistical only and
do not reflect any systematic uncertainty from the extrapolation done with the DWBA calculations. We estimate that the additional systematic error in the overall
cross-section scale of 30%. The following discussion and
analyses do not depend on that scale.
Angular-distribution data for the 15 C(d,3 He)14 B reaction appear in Fig. 12. For the 15 C-beam data, the
absolute beam intensity from the 0◦ monitor detector
was more reliable, although still uncertain at the 30-50%
−
level. The 2−
1 and 11 states were not fully resolved in
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FIG. 10. (Color online) Angular distributions for the (a) 0.0,
(b) 3.8 and (c) 4.8 MeV transitions in 14 C(d,3 He)13 B. The
curves represent DWBA calculations discussed in the text.
For (a), (b) the transitions are ` = 1; for (c) the solid curve
corresponds to ` = 0. The dashed curve in (c) represents
an ` = 1 transition for comparison. When not visible, the
vertical error bars are smaller than the plotting symbols. The
horizontal error bars show the angular range for each point.

this measurement, and the angular distribution for their
combined yields appears in Fig. 12(a). Fig. 12(b) shows
the angular distribution for the broad presumed state at
1.8 MeV. The uncertainties shown are statistical and do
not reflect the overall uncertainty in the absolute crosssection scale.

B. Distorted-wave Born Approximation
calculations and spectroscopic factors

The deduced spectroscopic factors are defined as
C 2 S ≡ σexp /σDW , where C is the usual isospin ClebschGordan coefficient, and σexp and σDW are the experimental and calculated DWBA cross sections, respectively. To
reduce the sensitivity of the results to the overall uncertainty in the cross-section scale, we normalize the deduced spectroscopic factors such that the sum over all
transitions equals 4. In the shell-model calculations discussed later, transitions to states below 7 MeV excitation
energy exhaust more than 95% of this strength. The
experimental values are given in Table II. There are

(b)
6.3 MeV l =0

0.1

l =1
0.01
0

l =1

5.3 MeV l =1

0.01

dσ/dΩ (mb/sr)
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FIG. 11. (Color online) Angular distributions for the (a) 5.3,
(b) 6.3 MeV transitions in 14 C(d,3 He)13 B. The curves represent DWBA calculations discussed in the text. The horizontal error bars show the angular range for each point. In
(a) the solid and dot-dashed curves correspond to ` = 1 with
J π = 1/2− or 3/2− . In (b), the solid and dashed curves represent ` = 0 and 1 transitions, respectively. The DWBA curves
in (b) are for illustration only.

additional uncertainties in the determination of spectroscopic factors. In the present experiment, the bombarding energies, which were the highest possible available
from the accelerator at the time, are such that due to
the very negative Q values the reactions are not well
momentum-matched. This mismatch makes the interpretation of the calculations less reliable, especially for
the excited states. It is also known that for very weak
transitions with small spectroscopic factors, multi-step
processes not included in a direct-reaction treatment can
be important. Schiffer et al. have shown that for such
transitions there exist large variations in the values extracted from DWBA analyses when different reactions
are considered [9]. The present data also do not include
the forward-angle maxima of the angular distributions,
adding more uncertainty to the normalization between
the measured and calculated angular distributions, which
is customarily performed at the first angular-distribution
maximum. As described above, all spectroscopic factors
are obtained from chi-square fits that include all of the
measured points.

9

dσ/dΩ (mb/sr)

(a)
g. s. + 0.654 MeV l =1

1

dσ/dΩ (mb/sr)

1

1.8 MeV l =1

(b)

0.1

0

5

10 15 20 25 30 35 40 45 50 55 60

θc.m. (deg)
−
FIG. 12. (Color online) Angular distribution for the (a) 2−
1 -11
doublet and (b) 1.8 MeV state in 14 B. The horizontal error
bars show the angular range for each point. The DWBA
curves represent ` = 1 transitions as described in the text.

TABLE II. Spectroscopic factors C 2 S ≡ σexp /σDW BA for the
14,15
C(d,3 He)13,14 B reactions. The values are normalized such
that the sum of C 2 S over all transitions for each nucleus is
4.0.
13
B
EX (MeV)
Jπ
`
C2S
−
0.0
3/2
1 2.8±0.30
3.8
1/2−
1 0.7±0.08
4.8
(1/2+ ) 0 0.13±0.02
5.3
(1/2,3/2)− 1 0.35±0.06
6.3
14
B
EX (MeV)
Jπ
`
C2S
−
0.0
2
1 1.8±0.35
0.654a
1−
1 1.4±0.30
1.8
2−
1 0.8±0.15
a

1/2 or 3/2. The angular-distribution fits do not strongly
distinguish between these two possibilities. For these
negative-parity transitions, the deduced values of C 2 S
are between 10% and 25% of that of the ground state,
larger than the 5% reported in Ref. [6]. Possible sources
of this discrepancy are the momentum mismatch for these
transitions and multi-step processes as discussed above.
Data for the weak 4.8 MeV transition appear in
Fig. 10(c). The angular distribution is inconsistent with
` = 1; in this angle range it is much better described
assuming an ` = 0 transition, supporting a J π = 1/2+
spin-parity assignment. Assuming J π = 1/2+ , the deduced spectroscopic factor is C 2 S = 0.13±0.02, or about
5% of that of the ground state. A J π = 1/2+ assignment agrees with the results of Ota et al., where the 4.83
MeV state was populated with a proton-stripping spectroscopic strength of C 2 S = 0.2 ± 0.02 [15]. These observations imply that π(1s)2 (0p)−2 admixtures are present
in the 14 C ground-state wave function. Ota et al. report
that such a state is not well accomodated by sphericalbasis shell-model calculations, and they interpreted this
state as having a π(1s1/2 )⊗12 Be structure. Finally, the
angular distribution for the narrow peak at EX ≈ 6.3
MeV appears in Fig. 11(b). The data are also inconsistent with ` = 1 and more suggestive of an ` = 0 transition. From the peak shape and background in Fig. 6(b),
it is likely that this transition contains more than one unresolved state, likely with positive parity. Assuming this
to be a single 1/2+ state, the corresponding spectroscopic
factor would be approximately 20% of the ground-state
value which is surprisingly large. Due to the uncertainties in the data and reaction-model analysis, however, we
do not quote a C 2 S value for this peak, and do not include it in the rescaling for the 13 B spectroscopic-factor
sum in Table II.
Despite the quantitative uncertainties, the results
listed in Table II make it clear that the proton-pickup
strength from 14 C is distributed over several states in
13
B and probably more fragmented than was reported in
Ref. [6]. We consider these observations in comparison
to the predictions of shell-model calculations below.

2.

15

C→14 B

Energy from Ref. [24]

1.

14

C→13 B

We have already discussed the ground state, where the
angular distribution is well-described by the ` = 1 result.
The angular distributions for the 3.8 and 5.3 MeV transitions are also consistent with ` = 1. For the peak at
EX = 3.8 MeV, assuming that this peak comes only from
the 1/2− 3.71 MeV state, the deduced spectroscopic factor is 0.7±0.08. The spectroscopic factor for the ` = 1
transition at 5.3 MeV excitation energy is between 0.3
and 0.4, depending on whether the spin is assumed to be

For the 15 C(d,3 He)14 B reaction, limited statistics make
the experimental situation more challenging. We assume
that the proton is removed only from a filled 0p3/2 orbital and, as before, the deduced spectroscopic factors
are normalized to a total value of 4. This approach is
likely not correct given the strength at higher excitation energies seen in the 13 B case, however the data are
not sufficient to identify very weak transitions. For the
−
2−
1 /11 combination, the curve shown in Fig. 12(a) represents the sum of calculated angular distributions for the
−
two states. The angular distribution for the 2−
1 /11 doublet is well described by an ` = 1 transition as expected.
Although the statistics for the presumed 2−
2 resonance
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are poorer, this angular distribution is also reasonably
well described by ` = 1 proton removal. The individual
−
spectroscopic strengths for the 2−
1 and 11 states were
obtained by decomposing the contributions to the two
states using the ` = 0 neutron-stripping spectroscopic
factors from the 13 B(d, p)14 B measurement [16], with an
additional 2J + 1 statistical weighting. The C 2 S values
for the three states are given in Table I.

V.

SHELL-MODEL CALCULATIONS AND
DISCUSSION

We have performed shell-model calculations for 14,15 C
and 13,14 B with the WBT and WBP interactions [29] using the code NUSHELLX [30]. Here, the 0s1/2 orbital
is inert and particles can occupy the 0p and 1s0d shells.
The calculated 13,14 B excitation energies and spectroscopic overlaps for 14,15 C→13,14 B are given in Table III,
in the form of spectroscopic factors C 2 S for (d,3 He).
More detailed information about the wave functions for
the nuclei of interest appears in Table IV, which shows
the calculated neutron and proton occupation numbers
for 0p and sd shells from the calculation with the WBP
interaction. The occupation numbers from the WBT interaction are quite similar.

A.

14

C →13 B

As expected, the ground-state to ground-state transition is strongest with a calculated value of C 2 S = 3.5.
The next strongest transition is to the 1/2− state with a
spectroscopic factor of 0.19. Both values are in reasonable agreement with the experimental values from Ref. [6]
although the ground- and first-excited state results from
the present experiment are in only fair agreement with
the calculations. The calculated spectroscopic factors for
all other states are smaller, with no transition to any
state below 7 MeV excitation energy having a value of
C 2 S greater than 0.06. The next strongest negativeparity state with a calculated value of C 2 S = 0.056 is the
second-excited 3/2− level at 6.797 MeV. This calculated
transition strength is of the same order-of-magnitude for
the 1/2− first-excited state, and could be associated with
the ` = 1 state observed in the data at 5.3 MeV. In
all cases, the ratio of the calculated C 2 S to that of the
ground-state is 5% or less.
As seen from Tables III and IV, the calculated lowlying positive-parity states have significant sd-shell neutron occupation with small overlaps with the 14 C ground
state and small (d,3 He) spectroscopic factors. The largest
is for the 5/2+ (≈ 5.3 MeV) state which has C 2 S=0.029.
It is possible that if the experimental 3.68 MeV state
corresponds to the lowest calculated 5/2+ excitation,
it would be unresolved in the present experiment from
the 1/2− and could make a small contribution to the
yield assigned to the 1/2− transition. The next calcu-

lated positive-parity state with any appreciable spectroscopic factor is the second 3/2+ state near 6.7 MeV with
C 2 S = 0.019. This state would be populated through an
` = 2 transition, however the angular distribution for the
6.3 MeV peak more closely resembles ` = 0 than ` = 2.
No 1/2+ state with any appreciable spectroscopic factor for (d,3 He) appears in the calculated spectrum below
13 MeV. Thus, low-lying 1/2+ states that can appear
in (d,3 He) are difficult to accomodate within this shellmodel analysis. A similar conclusion was also reached by
Ota et al. in their analysis of the (α, t) reaction. Results
for neutron stripping to 13 B were not well reproduced by
shell-model calculations using these interactions [13].
In the work of Ref. [15] it was suggested that a
π(1s1/2 )⊗12 Be configuration may be responsible for the
1/2+ 4.83 MeV excitation. In our calculations, two 1/2+
states appear near 7.4 and 8.4 MeV; neither of these carries significant π(sd) strength and instead each contains
approximately 0.6-0.7 0p1/2 protons and a mixture of
1s1/2 and 0d5/2 neutrons. Such configurations are less
like proton “intruder” states but could instead be associated with configurations identified by Kanada-En’yo
et al. which contained a 1~ω proton and a 2~ω neutron
yielding a very deformed nucleus [31, 32]. Ota et al. have
argued that the energy of a high-lying 1/2+ state could be
reduced by as much as 7 MeV due to the deformation of
the 12 Be core, and suggest a π[220 12 ] configuration as an
alternate explanation of the 1/2+ 4.83 MeV state. Such a
configuration led to a larger value of the proton-stripping
spectroscopic factor in (α, t) and might also account for
the observation of such an excitation in the present data.
For that suggestion to be true, however, it requires more
sd-proton strength in the 14 C ground-state wave function
than appears in the present calculations.

B.

15

C →14 B

For 15 C→14 B, the only low-lying excitations with any
strength in (d,3 He) are the pairs of 2− and 1− states
formed by the coupling of sd-shell neutrons with a 0p3/2
proton hole. The 0d5/2 neutron can also make states
with J π =(3,4)− and such levels have been observed in
14
B; these are not populated in (d,3 He). The excited
1−
2 state appears above 3 MeV excitation energy in each
calculation, suggesting that an experimental counterpart
would be broad and very difficult to observe, especially
with the small calculated C 2 S value of 0.136 or 0.176,
depending on the interaction. We can compare the calculated ratios of the proton-removal spectroscopic factors to the observed values in Table II. The calcu−
2
latied ratio of C 2 S(1−
1 )/C S(21 ) from either interaction
is 0.72, in good agreement with the experimental value
of 0.8±0.12. For the excited 2−
2 state, the calculated ra−
2
tio C 2 S(2−
)/C
S(2
)
is
0.36,
approximately consistent
2
1
with the experimental value of 0.44±0.07.
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TABLE III. Shell-model excitation energies and spectroscopic
factors for (d,3 He) for 13,14 B.
13
B
WBP
WBT
J π EX (MeV) C 2 S EX (MeV) C 2 S
3/2−
0
3.51
0
3.50
1/2−
3.868
0.19
3.848
0.19
4.305
0.003
4.665
0.003
1/2+
3/2+
4.934
0.008
5.033
0.009
5/2+
5.263
0.029
5.387
0.029
5.481
0
5.396
0
5/2−
3/2−
5.598
0.003
5.66
0.004
5/2+
6.436
0.003
6.608
0.005
3/2+
6.689
0.019
6.696
0.018
3/2−
6.797
0.056
6.711
0.051
1/2−
6.829
0.001
6.857
0.001
6.915
0
7.048
0
5/2−
14
B
WBP
WBT
J π EX (MeV) C 2 S EX (MeV) C 2 S
2−
0
1.602
0
1.616
1−
0.761
1.163a
0.72
1.159a
1.22
0
1.851
0
3−
4−
1.373
0
1.858
0
2−
1.738
0.576
1.881
0.551
1.998
0.002
2.63
0.002
1+
2+
2.911
0.007b
3.021
.005b
+
b
2
3.848
<.001
3.072
<0.001b
−
0
3.866
0
3.198
0
1−
3.92
0.1359a
3.421
0.1759a
a
b

Sum of 0p3/2 and 0p1/2 .
Sum of 0d3/2 and 0d5/2 .

VI.

CONCLUSIONS

The results of the present measurements of the (d,3 He)
reaction provide new information about ground-state
proton wave functions in 14 C, as well as for the properties
of excited states in both 13,14 B. For 14 C→13 B, weak transitions are observed to states that likely possess 0p1/2 proton character in addition to the 1/2− state at 3.71 MeV.
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